Abstract This study aimed to assess the efficacy and tolerability of atorvastatin in Tanner stage (TS) 1 patients ages 6 to 10 years and TS C2 patients ages 10 to\18 years with genetically confirmed heterozygous familial hypercholesterolemia (HeFH) and a low density lipoprotein cholesterol (LDL-C) level of 4 mmol/l (155 mg/dl) or higher. In this open-label, 8-week study, 15 TS 1 children were treated initially with atorvastatin 5 mg/day and 24 TS C2 children with 10 mg/day. Doses were doubled at week 4 if the LDL-C target (\3.35 mmol/l [130 mg/dl]) was not achieved. The efficacy variables were the percentage change from baseline in LDL-C, total cholesterol (TC
have recommended that target levels for LDL-C as low as less than 130 mg/dl (3. 35 mmol/l) should be set for children who are heterozygous for FH, and that statins, among other classes of drugs, should be considered as a first-line agent. In addition, AHA recommends that after a trial of dietary changes, drug therapy should ideally be started at Tanner stage (TS) 2 or higher.
However, for children and adolescents with high-risk lipid abnormalities who have additional risk factors or high-risk conditions, in selected cases, clinicians may consider initiation for children younger than 10 years. The AAP has recommended that statins be started as early as 8 years of age [6, 14, 21] based on a few studies that examined the efficacy and safety of statins in prepubertal children and children 8 to 10 years of age.
Currently, pravastatin is the only drug approved for children with heterozygous FH (HeFH) as young as 8 years of age, whereas other available statins are approved for children older than 10 years. To date, available study data are limited with regard to initiation of pharmacologic treatment for TS 1 children, to what target LDL-C levels should be reached for FH or other high risk children, and to the long term effects of statins on growth and sexual development. This may be due in part to the lack of availability of an appropriate pediatric formulation for the treatment of patients at younger ages. The development of an appropriate pediatric formulation has been identified as a current unmet pediatric need in cardiovascular products by the Pediatric Working Party, a view also adopted and published by the CHMP in November 2006 [8] .
A chewable tablet formulation was developed as an alternative treatment option, together with availability of a lower-strength dose (5 mg) for use with younger pediatric patients, as part of a Pediatric Investigation Plan recommended in the Written Request by the EMEA Paediatric Committee (PDCO) in 2009 [10] . In keeping with the need to obtain appropriate data yet limit the exposure of younger children, this 8-week pharmacokinetic and pharmacodynamic (PK-PD) study used a population-based approach recommended and endorsed by the Pediatric Committee.
The current study aimed to evaluate the short-term efficacy and tolerability of atorvastatin for HeFH children. The patient cohort included a subgroup of TS 1 patients, younger than those enrolled in most previous pediatric studies, treated for 8-weeks with a chewable tablet developed for pediatric use. The chewable tablet formulation was previously shown to have bioequivalence to the marketed tablet formulation. Other objectives of this PK-PD study including a description of the pharmacokinetics of atorvastatin in children ages 6 to 17 years, characterization of the relationship between atorvastatin and metabolite exposure (pharmacokinetics), changes in lipid parameters (pharmacodynamics), and possible recommendation of a safe and efficacious lower dose (\10 mg) for children ages 6 to 10 years, are described in a separate publication.
Methods

Study Design
From December 2008 to May 2009, 39 children and adolescents with genetically confirmed HeFH and an LDL-C of 4 mmol/l (C155 mg/dl) or more were enrolled in this 8-week, open-label, uncontrolled study (NCT00739999). The study participants were stratified into two cohorts according to their Tanner stage, determined at the screening visit.
The study was conducted at three centers in Greece, Norway, and Canada in compliance with the ethical principles originating in or derived from the Declaration of Helsinki and in compliance with all International Conference on Harmonization (ICH) Good Clinical Practice (GCP) Guidelines. In addition, all local regulatory requirements were followed, particularly those affording greater protection of the study participants' safety. Written informed consent was obtained from each child's parent or legal guardian, and the minor's assent also was required when it could be obtained.
Patients
Eligible patients included girls and boys ages 6 to \18 years. Children and adolescents 10 to 17 years of age were to be at TS C2 in their development, whereas children 6 to 10 years of age were confirmed to be at TS 1. All patients had genetically verified HeFH, as evidenced by LDL-C receptor mutation analysis [20] or by the lymphocyte test [3] . If subjects tested negative for the most common LDL receptor mutations, detection of FH was to be carried out by assaying LDL-C receptors on lymphocytes. In addition, all patients must have had a plasma LDL-C level of 4 mmol/l (155 mg/dl) or higher at the screening visit. The patients, otherwise in good health based on the results of routine clinical laboratory tests, physical examinations, and normal electrocardiograms (ECGs) performed at screening, were judged by the investigator to be good candidates for the study.
Subjects previously receiving probucol were required to have stopped the treatment for 6 months or more to be eligible. If a subject had been receiving statins previously, a requisite washout period 6 weeks or longer was required before entry to the study. Patients previously receiving other antihyperlipidemic therapies were considered for screening after a washout period of 4 weeks or longer before entering this study. However, due to the competitive enrollment between the three study sites, most, if not all, the subjects enrolled in this study had not been previously treated for dyslipidemia and therefore did not require a washout period. Use of other prescription or over-thecounter drugs and dietary supplements were stopped 7 days or 5 half-lives (whichever was longer) before the first dose of study medication.
Treatment
Eligible patients entered the treatment phase of the study 1 to 4 weeks after the screening visit and received daily atorvastatin for 8 weeks. The starting dose of atorvastatin was 10 mg/day (formulated as a solid tablet) for the subjects 10 to 17 years of age (i.e., TS C2) and 5 mg/day (formulated as a chewable tablet for pediatric use) for the subjects 6 to 10 years of age (i.e., TS 1). If a subject had not attained the target plasma LDL-C level (\3.35 mmol/l [\130 mg/dl]) at week 4, the atorvastatin dose could be doubled. Compliance (defined as 80-120% pill usage) was assessed by examination of completed dosing diaries and by tablet counts. Diets were not monitored during the study period.
Efficacy Assessments
The primary objective was to evaluate the effects of atorvastatin on plasma lipid levels after 8 weeks of treatment. The efficacy parameters were the mean percentage changes from baseline for LDL-C, total cholesterol (TC), triglycerides (TG), high density lipoprotein cholesterol (HDL-C), very low density lipoprotein-cholesterol (VLDL-C), and apolipoprotein (Apo) A-I, and Apo B. Because the patients could have doubled their dose at week 4, additional information is provided regarding those patients.
Fasting (at least 10 h from the last meal) blood samples (2 ml) were taken for lipid profiling at screening (visit 1), week 2 (visit 3), week 4 (visit 4), week 6 (visit 5), and week 8 (visit 6). Fasting was optional at weeks 2 and 6 because clinic visits were in the afternoon. Lipid values obtained at screening were considered as baseline values to conserve the amount of blood drawn at week 1 (visit 2).
An optional assessment in the current study, flowmediated dilation (FMD), was conducted at two of the centers that had FMD measurement facilities available. These measurements were designed to provide exploratory information about endothelial function in the brachial arteries via high-resolution ultrasound evaluation of arterial diameter responses to increased blood flow [2] . The subjects were not required to participate in the FMD analysis.
The ultrasound machine was equipped with a 5-to 14-MHz vascular (near field) transducer and vascular imaging software. The ultrasound images of the brachial artery were obtained during the diastolic phase of the brachial artery (identified by R-wave of the electrocardiogram [ECG] or the smallest brachial artery at rest via visual inspection). The sequential images of the brachial artery enabled reconstruction of the brachial arterial lumen diameter over the entire scan. Experienced sonographers followed a standardized methodology, and scans were batch analyzed at the individual FMD sites and blinded for time point to minimize observer bias.
The FMD was assessed at weeks 0 and 8. For each scan, baseline vessel size in millimeters, peak vessel size in millimeters, and FMD as a percentage were entered into the FMD database. From these parameters, FMD was calculated as
Safety Assessments
Safety and tolerability were evaluated throughout the study by review of patient reports, investigator observations, and results of specific tests and measurements. The study investigators assessed all adverse events (AEs) for level of intensity and relationship to the study drug. Routine clinical laboratory evaluations comprised hematology and biochemistry tests performed at baseline; at weeks 2, 4, and 6; and at the final visit at week 8. Urinalysis, physical examination (including height, weight, and TS), and 12-lead ECG were performed at screening and at week 8. Blood pressure and pulse rate were checked at screening, week 4, and week 8. The clinical laboratory sample analyses were performed by Quintiles Laboratories in the United States and the United Kingdom.
Any safety laboratory values exceeding predefined thresholds were identified and tabulated. All such changes considered clinically significant were to be recorded as AEs. If at any time during the study, a patient's alanine aminotransferase (ALT) or aspartate aminotransferase (AST) plasma levels increased to more than three times the upper limits of normal (ULN), the patient was to be scheduled for a repeat laboratory measurement within 1 week (±3 days). If the repeat value still exceeded 3 9 ULN, the patient's medication was to be reduced by 50% and a repeat laboratory measurement completed after 2 weeks of therapy with the reduced dose. If the repeat value still exceeded 3 9 ULN, the patient was to be withdrawn from the study, and a final physical examination was to be performed. This persistent elevation in ALT or AST was to be reported as a clinically important AE. A patient was discontinued immediately from the study if the creatine phosphokinase (CPK) level was elevated to 10 9 ULN accompanied by muscle pain, tenderness, or weakness. A persistent plasma CPK elevation of 10 9 ULN or more without muscle pain, tenderness, or weakness also was designated as a prespecified reason for study drug discontinuation.
Statistical Analysis
The analysis population was defined as all the enrolled subjects who received one or more doses of the study drug and had one or more pharmacodynamic parameter measurements. Change and percentage change from baseline in the lipid parameters were summarized using descriptive statistics by cohort over time.
Results
Patient Accounting and Demographics
Of the 45 individuals screened in this study, 39 pediatric patients with HeFH were treated, comprising 15 children at TS 1 and 24 adolescents at TS C2. All the patients completed the study. Table 1 shows that all the patients in both cohorts were white and that the proportions of males and females in the two cohorts were similar. Two TS 1 patients were older than 10 years and therefore noted as protocol deviations. Evaluation by a pediatric endocrinologist determined that neither patient had abnormalities in any system.
The patients were treated for a median of 55 days (range, 46-77 days) in the TS 1 cohort and 61.5 days (range, 40-77 days) in the TS C2 cohort. The atorvastatin dose levels were doubled after the week 4 visit for more than half of the patients (10 of 15 TS 1 patients and 15 of 24 TS C2 patients). Adherence to the study drug regimen was good, with only four patients having a compliance rate lower than 80% (range, 73-80%). A total of 16 subjects (2 subjects of TS 1 and 14 subjects of TS 2) from one study center in Canada had visit schedules outside the 7-day range specified by the protocol due to various family or study center scheduling-related reasons.
Efficacy Table 2 presents information for all the lipid parameters measured by the Tanner stage cohort and within those cohorts by final dose at week 8. The baseline mean LDL-C value was 5.87 mmol/l for the TS1 cohort and 5.81 mmol/l for the TS C2 cohorts. Administration of daily atorvastatin for 8 weeks resulted in reduced LDL-C, TC, and TG in TS 1 and TS C2 children (Table 2) . Across both cohorts, the mean plasma levels of LDL-C fell from baseline to week 8 by approximately 40%, and TC fell by approximately 35%.
The mean reductions in LDL-C and TC were comparable across both cohorts at week 8. The baseline TG levels all were within the normal range, with TS C2 patient levels slightly higher than TS 1 patient levels (1.14 vs. 0.89 mmol/ l). Similarly, a larger reduction in the mean plasma TG level was observed in the TS C2 patients than in the TS 1 patients (-21.05% vs. -6.02%). The baseline HDL levels were within the normal range, with the TS C2 patients having slightly lower values than the TS 1 cohort (1.18 vs. 1.35 mmol/l). In both cohorts, nonsignificant reductions from baseline in plasma HDL-C levels were observed, driven by changes in HDL-C among patients whose atorvastatin dose was doubled at week 4.
Over the 8-week study period, LDL-C/HDL-C ratios decreased across both cohorts (data on file). In both cohorts at study end, treatment with atorvastatin also had produced substantial reductions in the mean plasma levels of VLDL-C, LDL-C/HDL-C, and Apo B, as well as modest reductions in Apo A-I. The VLDL-C reductions appeared to be greater in the TS C2 cohort than in the TS 1 cohort (-52.84% vs. -37.63%). Table 2 also shows that patients who did not achieve the recommended treatment goal at week 4 (those whose dose BMI body mass index a These patients were captured as protocol deviations b One male weighed 99.4 kg, which was above the 95th percentile for his age. He was included in the study and captured as a protocol deviation was doubled for the remainder of the study) were at a much higher baseline LDL-C level regardless of Tanner stage cohort. The reductions in mean plasma levels of LDL-C, TC, and TG tended to be greater in the subjects whose atorvastatin dose was doubled at week 4 than in the subjects who continued to receive their original dose. More variable results were collected for the other lipid parameters regarding atorvastatin dose level and cohort. For the TS C2 subjects, the reductions in VLDL-C and Apo B were similar in the two dose groups. However, for the TS 1 subjects, the decrease in mean plasma VLDL-C (-50.3% vs. -12.3%) and Apo B (-39.6% vs. -27.4%) levels were greater among those whose dose had been doubled after the week 4 visit than among those who continued to receive their initial dose. For both cohorts, the decrease in Apo A-1 was somewhat larger among those whose dose had been doubled after the week 4 visit than among those who continued to receive their initial dose (-3.4% vs. -1.2% for TS 1; -4.8% vs. -2.6% for TS C2). The HDL-C levels were slightly improved in the patients who continued to receive their starting dose but slightly decreased for those whose dosage was doubled.
Temporal analysis of lipid parameters showed that the mean values for LDL-C and TC decreased by week 2 among all TS 1 and TS C2 subjects, whereas TG and HDL-C varied considerably from week to week (Fig. 1) . Plasma LDL-C and TC levels continued to decrease over the 8-week study period for the patients whose dose had been doubled but exhibited maximum reductions by week 4 for those who remained at their initial dose (Fig. 2) . Flow-mediated dilation data were provided for 11 of 15 TS 1 subjects and for 17 of 24 TS C2 subjects. For the TS 1 cohort, FMD values varied widely, ranging from 0.0% to 11.5% (mean, 6.3%) at baseline and from 0.0% to 12.0% (mean, 5.5%) at week 8. Similar wide variations in FMD values were observed for the TS C2 cohort, ranging from 0.0% to 10.0% (mean, 3.9%) at baseline and from 2.9% to 9.3% (mean, 4.9%) at week 8.
Safety
The safety results and the most commonly reported AEs for the two cohorts are shown in Table 3 . No deaths, serious AEs, or premature discontinuations were reported. Overall, no difference in safety or tolerability was observed between the younger and older cohorts. A total of 16 AEs were reported from 9 patients in the TS 1 cohort (4 of which were considered treatment related) and 17 AEs from 13 patients in the TS C2 cohort (2 of which were considered treatment related). The treatment-emergent AEs of abdominal pain, nausea, vomiting, and headache were experienced by two TS 1 patients, and treatment-emergent AEs of increased plasma ALT levels were experienced by two TS C2 patients. A moderate but transient increase in blood creatinine, observed in a 9-year-old girl, was attributed to reduced water intake.
All treatment-emergent AEs were mild to moderate in intensity. The two episodes of increased plasma ALT levels occurred in two 13-year-old girls. One girl returned to ''normal'' levels during the study period. The other girl had a slightly elevated ALT level at the final visit. None of the ALT values at any of her other visits were elevated. No vital sign or ECG readings were documented as AEs.
Discussion
The pediatric patients with HeFH who participated in this study presented with very high LDL-C and TG levels and an HDL-C level within the normal range. The observed reductions in lipid values associated with a pediatric formulation of atorvastatin in the prepubertal TS 1 patients in this study were consistent with those seen in the TS C2 patients and with reductions previously reported for other older pediatric populations [1, 7, 14, 16, 19, 21] .
Overall, the mean values for LDL-C, TC, VLDL-C, and Apo B had decreased to a clinically significant extent by week 2 among all TS 1 and TS C2 patients. The patients in each cohort whose dose was doubled had generally higher mean baseline lipid values than those not requiring a dose increase. For these subjects, additional improvements in lipid profile were observed as early as 2 weeks after the dose escalation. The mean percentage decreases in lipid parameters generally were similar for the two Tanner stage cohorts regardless whether the subjects remained at their initial dose or received a doubled dose. Furthermore, atorvastatin (5-10 mg for the TS 1 patients and 10-20 mg for the TS C2 patients) was well tolerated in this study, and no safety issues were identified over the 8-week study duration. No clinically significant difference in tolerability or safety was observed between the younger and older cohorts.
Previous evidence has demonstrated the efficacy and safety of atorvastatin for pediatric patients. In a doubleblind, placebo-controlled clinical trial involving 187 children 10 to 17 years of age at TS C2 with known familial hypercholesterolemia or severe hypercholesterolemia, the administration of atorvastatin (10-20 mg/day) for 12 months proved to be effective and well tolerated for the treatment of elevated lipid levels in both the children and the adolescents [21] . At week 26, atorvastatin 10 to 20 mg compared with placebo was associated with significant reductions in LDL-C (-40% vs. -0.4%), TC (-32% vs. -1.5%), TG (-12% vs. ?1.0%), and Apo B (-34% vs. ?0.7%). Also HDL-C increased with atorvastatin compared with placebo (?2.8% vs. -1.8%).
In a compassionate use study, 46 children (11 age \10 years and 35 ages 11-17 years) with severe dyslipidemia, including 30 with homozygous FH, atorvastatin was well-tolerated up to 3 years at titrated doses across the full available 10-to 80-mg dose range (data on file). Although the modification in lipid levels after the treatment of prepubertal TS 1 patients with atorvastatin observed in this study was not markedly different from that previously observed in other older pediatric populations [1, 7, 14, 16, 19, 21] , several methodologic aspects of our study merit discussion. One limitation of the study was the necessarily small sample size. Although the sample small size was small, all the patients completed the study, treatment compliance was high. In addition, no data points were missing. Therefore, no imputations were necessary. Furthermore, the study was an open-label uncontrolled study that included only patients with FH.
However, as described earlier, in keeping with the need to limit the exposure of younger children, the design of this 8-week pharmacokinetic and pharmacodynamic study was thoroughly discussed with PDCO and endorsed by it. This study used well-established and validated modern population pharmacokinetic modeling approaches [9, 11] , taking the minimal blood samples required from each child while obtaining robust population pharmacokinetic data.
Although the study design and small sample size precludes any definitive statements, overall, the PK of atorvastatin in this subgroup of pediatric patients does not appear to differ markedly from that in adults. The most important finding in the population PK analysis was that atorvastatin clearance (CL/F) in pediatric subjects appeared similar to that in adults when scaled by subject weight. Body weight also was the only covariate influencing atorvastatin CL/F [12] . Other covariates such as age, gender, and Tanner stage had little influence on the PK parameters tested. At week 8, on the average, the percentage change from baseline was approximately 40% for LDL-C and 30% for TC over the range of atorvastatin and o-hydroxyatorvastatin exposures [12] .
Overall, there appeared to be no evidence of variations in lipid effects between Tanner stage patients or across the range of atorvastatin and o-hydroxyatorvastatin exposures. This likely is due to the Tanner stage-dependent doses and the titration dosing design in this study, in which the patients were evaluated for dose escalation based on target levels or reduction in LDL-C.
Approximately two-thirds of both Tanner stage cohorts (10 of 15 TS 1 patients and 15 of 24 TS C2 patients) in this study had a much higher LDL-C at baseline and required up-titration at week 4. For these patients, doubling the dose to 10 or 20 mg (TS 1 and TS [2 cohorts, respectively) provided additional LDL-C reduction. Approximately 50% of the patients reached the target 130 mg/dl (3.35 mmol/l) at week 8. Currently, the evidence is limited regarding what target LDL-C level should be attained [5, 15] . Both the American Heart Association [17] and the American Academy of Pediatrics (AAP) [4] have recommended that LDL-C target levels as low as 130 mg/dl (3.35 mmol/l) should be set for HeFH children. In clinical practice, a prescribing physician may consider titrating to a higher atorvastatin dose than those used in this study (i.e., above 10 mg/day for TS 1 and above 20 mg/day for TS C2) to achieve the LDL-C target, taking into account patient risk and benefit profiles.
Use of plasma lipid levels as a reliable surrogate marker for coronary heart disease is well established for adults, and the main target of lipid-lowering management depends on the patient's level of risk. Recent evidence of statin use in children 8 to 17 years of age also indicates that a moderate reduction in LDL-C of 25% to 30% over a 2-year period significantly decreases the rate of carotid artery intima thickening, a parameter often used as a predictor of coronary risk in adults [21] .
To provide additional exploratory data showing the effects of atorvastatin on endothelial function in this population, a separate analysis of FMD was undertaken. Previous studies have shown significant improvement in endothelial dysfunction toward normal levels after short-term statin therapy in children with FH [20] . The current substudy showed a wide range of observed individual FMD values at baseline and at week 8 for both cohorts, but no meaningful conclusions could be drawn. Finally, the short time frame of this study precluded safety assessments of atorvastatin in TS 1 children with respect to growth and development.
In conclusion, clinically meaningful reductions in LDL-C, TC, VLDL-C, and Apo B were observed with atorvastatin in TS 1 and TS C2 patients with HeFH. Atorvastatin also was well tolerated in this population, and no patients withdrew prematurely from this 8-week study. However, the effect that long-term use of statins has on the TS 1 patient is not established, and treatment should be administered under close pediatric supervision. 
